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Abstract

More than 27 years of high precision satellite altimetry enables analysis of recent changes in global mean sea level (GMSL). Several
previous studies present estimates of the trend and acceleration in GMSL; however, all are exclusively performed with data from the
TOPEX/Poseidon, Jason-1, Jason-2 and Jason-3 missions (TPJ data). In this study we extend the altimetry record in both time and space
by including independent data from the ERS-1, ERS-2, Envisat and CryoSat-2 missions (ESA data). This increases the time-series to
span more than 27 years (1991.7–2019.0) and the spatial coverage is extended from ± 66� to ± 82� latitude. Another advantage of
the ESA data is that it is independent of the issues associated with the TOPEX altimeter which introduce a significant uncertainty to
the first part of the record. GMSL based on ESA data on the 1991–2019 period within ± 82� latitude exhibit an acceleration of 0.09
5 ± 0.009 mm/yr2. The corresponding value for the TPJ data is 0.080 ± 0.008 mm/yr2 for the 1993–2019 period and within ± 66� latitude.
The ERS-1 satellite was launched shortly after the large Pinatubo eruption in 1991. The satellite observes a decrease of 6 mm in GMSL
during the first 1.7 years until the launch of TOPEX/Poseidon. The distribution of sea level acceleration across the global ocean is highly
similar between the ESA and TPJ dataset. In the Pacific Ocean regional sea level acceleration patterns seem related to the El-Niño South-
ern Oscillation (ENSO) whereas around Greenland a clear negative acceleration is seen.
� 2020 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

Sea level is an important climate indicator, which is lar-
gely governed by global temperature changes. When mean
temperature increases the GMSL rises. This is largely due
to two contributions. The first is the thermal expansion
caused by the decreasing density of warming sea water.
The second is the mass added to the ocean by melting gla-
ciers and ice sheets (Cazenave et al., 2018).

The preferred approach of measuring sea level is from
satellite altimetry. More than 27 years of altimetry data is
now available. This enables analysis of recent trend and
acceleration in global and local sea level. A commonly
https://doi.org/10.1016/j.asr.2020.01.016
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obtained value for current sea level rise from altimetry is
~3 mm/yr (Ablain et al., 2015) (Watson et al., 2015).
According to recent studies, the sea level is not rising lin-
early but is accelerating. The World Climate Research Pro-
gram (WCRP) finds a sea level acceleration of 0.10 mm/yr2

based on ensemble sea level time-series from 6 institutions
(AVISO/CNES, CSIRO, University of Colorado, ESA
SL_CCI, NASA/GSFC and NOAA) (WCRP et al.,
2018). This is in line with the findings by Nerem et al.
(2018) who determined the sea level acceleration from the
TOPEX/Jason time-series to be 0.097 mm/yr2 and argues
that the climate change-driven sea level acceleration is
0.084 mm/yr2.

Systematic sea level observation commenced after the
launch of TOPEX/Poseidon in late 1992. Starting in 1993
the mission has provided data from a 9.9156 day repeat
period reference ground track. TOPEX/Poseidon was
ommons.org/licenses/by-nc-nd/4.0/).
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subsequently followed by Jason-1 (2002), Jason-2 (2008)
and Jason-3 (2015) along the exact same ground track pro-
viding sea level observations up to the ± 66� parallel.

Global altimetric sea level records were already initiated
in 1991 with the ERS-1 mission. However, this satellite fre-
quently changed ground tracks (and hence sampling pat-
tern) from 3 to 35 to 168 days making GSML trend
estimates from this satellite difficult in the early years.
The ERS-1 satellite was replaced by ERS-2 in 1995, and
later in 2002 by Envisat along the same ground track up
to the ±82� parallel. In 2010, CryoSat-2 replaced the Envi-
sat sequel of sea level observations providing data up to
±82�.

Estimates of sea level rise and acceleration are critically
dependent on inter-mission calibration. During the altime-
try era, the replacement satellites have always been cali-
brated onto the previous mission through a tandem
mission where the two satellites occupy the same collinear
track at 30–70 s difference (Dibarboure et al, 2011). A cor-
rection is available so that Jason-1 can been adjusted to
TOPEX/Poseidon, Jason-2 to Jason-1 and so forth. Simi-
larly, ERS-2 can be calibrated onto ERS-1 and so forth.

The only time inter-mission calibration through tandem
mission operation could not be performed was when
TOPEX/Poseidon switched from the Side-A instrument
to Side-B in 1999. TOPEX side A exhibited a spurious drift
during its first 6 years which was initially modelled and cor-
rected for using the so-called ‘Cal-mode’ correction (Hayne
et al., 1994).

Watson et al. (2015) used the global tide gauge network
to show that the TOPEX record was systematically biased
causing the observed linear trend to be biased slightly too
high in the early part of the record. In the context of the
full multi-decade record, the systematically biased TOPEX
data had the effect of masking the determination of a sea
level acceleration (Watson et al., 2015, later confirmed by
Dieng et al., 2017; Chen et al., 2017 using slightly different
approaches).

The root cause of the issue with the TOPEX mission was
explored in detail by Beckley et al. (2017). Beckley et al.
(2017) suggest the ’cal mode’ correction is problematic
and not completely understood. In the absence of a repro-
cessed record, several approaches have been suggested to
solve the issue of bias in the trend, and bias in the intra-
mission bias between the side-A and side-B altimeters.
These are: comparison with tide gauges (Watson et al.,
2015, Ablain et al. 2017, WCRP et al., 2018); sea level bud-
get approach (Dieng et al., 2017); levelling with Side-A and
Jason differences (Nerem et al., 2018) and tide gauge level-
ling adjustment (Watson et al., 2015, Beckley et al., 2017).
The latter results in a simple 5 mm bias to Side A which is
the one we adopted here using the correction provided by
RADS (www.github.com/remkos/rads/manual). The Cal-
mode issue is still under research and relates to TOPEX
point target response change, retracking, and consequently
sea state bias (Watson et al, 2015; Beckley et al., 2017).
This points towards the importance of using independent
data from the ERS satellites and improving Cal-mode cor-
rection (Kleinherenbrink et al., 2019).

This paper seeks to consolidate recent estimates of
GMSL acceleration by determining the sea level accelera-
tion from two independent altimetry data sets. One is sea
level dataset from the NASA/CNES satellites TOPEX/
Jason-1/Jason-2/Jason-3 (hereinafter called the TPJ data-
set) and the other is the European Space Agency (ESA)
sequel of satellites ERS-1/ERS-2/Envisat/CryoSat-2 (here-
inafter called the ESA dataset). Although the ERS-1 data
were not as precise as the co-temporary TOPEX/Poseidon
data due to a lower point repetition rate, truncation of the
waveform, and frequent ground track changes, the ERS
data does not suffer from the Cal-mode and associated
issues as discussed for the TOPEX/Poseidon mission.

We estimate the sea level acceleration using a multi-
mission sea level record extended from 24 years (TPJ) to
more than 27 years. The sea level record is also extended
spatially from the ± 66� to ± 82� parallels including part
of the Arctic Ocean. We perform an analysis showing
how the acceleration is distributed across the global ocean
and investigate the differences between the TPJ and ESA
datasets.

In 1991, a few months before ERS-1 was launched, the
Pinatubo volcano erupted. This affected the GMSL by
causing a reduction of oceanic heat content reduction
(Church & White, 2006) (Fasullo et al., 2016). This could
also shadow the acceleration of sea level rise in the altime-
try era, making the rise appear more linear than quadratic.
With the extended ESA time-series we investigate how the
eruption affects the ESA and TPJ time-series and demon-
strate that the ESA data captures the drop in GMSL fol-
lowing the eruption in the first years of the time series.

2. Data and methods

We used the entire time-series of precision satellite
altimetry up until January 2019 in this estimation of
GMSL acceleration. All data sets are provided by the
Radar Altimeter Database System (RADS) from Delft
University of Technology (Scharroo et al., 2012). Each alti-
metric observation is processed using state of the art range
and geophysical corrections (Stammer & Cazenave, 2018).
While striving to use identical corrections, minor
differences are seen, particularly in the ESA time-series.
More information on this can be found in Appendix A
and via the RADS manual (www.github.com/remkos/
rads/manual).

RADS handles the inter-mission biases through the ref-
erence frame offset correction (RFO) being a constant mis-
sion bias which must be added to the sea surface height
(SSH) for consistency. The RFO for all missions are also
shown in Appendix A, Table A1. TOPEX/Poseidon is
the reference on which all satellites are fitted.

Satellite altimetry missions used in this investigation are
detailed in Table 1 indicating the time interval where the
data used were recorded. Notice the frequent change of
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Table 1
Satellite altimetry used in this investigation. Start and end date are the date to which the data are used.

Satellitemission Phase Start date End date Repeat cycle (days)

TOPEX/Poseidon Side A
Side B

10/1995
02/1999

02/1999
01/2002

9.91

Jason-1 01/2002 06/2008 9.91
Jason-2 07/2008 01/2016 9.91
Jason-3 02/2016 01/2019 9.91
ERS-1 AB 09/1991 04/1992 3

C 04/1992 12/1993 35
D 12/1993 04/1994 3
EF 04/1994 03/1995 168
G 03/1995 07/1995 35

ERS-2 08/1995 02/2002 35
Envisat 03/2002 09/2010 35
CryoSat-2 10/2010 01/2019 378.79
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repeat cycle and hence ground track spacing during the
ERS-1 mission. Similarly, CryoSat-2 employed a new
repeat cycle and inclination (378 days vs 35 days and 98�
vs 102�) compared with its predecessors ERS-2 and
Envisat.

Data is subsequently averaged onto monthly grids with
a resolution of 2� latitude by 3� longitude. The monthly
ESA grids extends to ± 82� latitude whereas the TPJ grids
only extends to ± 66� latitude. The averaging is used to
account for the unequal spacing of the data, and the grids
are subsequently weighted by latitude to account for differ-
ent areas covered. A bathymetry grid is used to remove
coastal regions where depths are less than 100 m. Note that
the CryoSat-2 has a monthly sub-cycle enabling creation of
monthly averaged grids. Most GMSL papers filter at
60 days to limit short term variations. We did not find this
necessary in this investigation.

The effect of seasonal variability associated with water
mass exchange between the oceans, atmosphere and conti-
nents is partially limited by estimating and removing the
annual signal by a least square data fit as also used by
Cazenave et al. (2018). Inter-annual variability is domi-
nated by ENSO variability and treated in a separate
section.

Initially each monthly geographical grid is analysed
individually to determine the mean and standard deviation
within the month. Generally we assume that the data are
Gaussian, but this is somewhat compromised for ERS-1
in Polar Region due to its sensitivity to sea-ice. Outliers
are initially defined as values outside two standard devia-
tions of the monthly mean and subsequently these are
removed. The process removes approximately ~4% of the
ESA data and ~3% of the TPJ data. This outlier detection
is done for each monthly grid and proved particularly effec-
tive in high latitudes for the older ESA data grids where
particularly the ERS-1 and ERS-2 data seemed very sus-
ceptible to the presence of sea-ice.

In order to calculate the acceleration a least squares
quadratic fit is used. The acceleration is defined as twice
the quadratic coefficient. The calculations have been per-
formed in MATLAB (R2017a) with use of the polyfitn
package (D’Errico, 2016). Polyfitn calculates the simple
least squares solution and provides key statistics of the data
fit including standard deviations of the data fit. The stan-
dard deviation is a measure of what the polynomial model
can not fit in the data. Assuming that the residuals are pure
noise, these are used to estimate the standard deviations
using standard statistical methods (D’Errico, 2016).

Fig. 1 shows the monthly averaged residual sea level
variation from each data set, with the trend, acceleration
and 12-month annual signals removed. Both time-series
show decreasing variance about the model fit as the altime-
ters are improved over time. It is apparent that the TPJ
satellites have higher precision than the ESA satellites.
However, the regions covered are not the same.

For the ESA time-series the largest residuals are seen
with the ERS-1 and ERS-2 missions. The standard devia-
tions of the residuals of ERS-1 and ERS-2 are 6.0 mm
and 5.7 mm respectively. For Envisat and CryoSat-2 the
corresponding values are 3.2 mm and 4.7 mm. The large
residuals from ERS-1 are believed to be due to the frequent
changes in repeat cycle as shown in Table 1. The large spike
in SSH in late 2010 coincides with the transition from Envi-
sat to CryoSat-2. A smaller spike is seen in 1995 coinciding
with inter-mission transition between ERS-1 to ERS-2
(1995). Another reason why the ESA timeseries appears
noisier and more periodic than the TPJ time series is the
large seasonal variability of Arctic data.

The standard deviations of the residuals of the TPJ data
are 3.3 mm, 3.0 mm, 2.1 mm, 3.3 mm and 1.7 mm in
chronological order. This also shows a general trend of
improvement in altimeter technology and processing dur-
ing the altimetry era.

Both data sets are influenced by ENSO as seen particu-
larly in 1997 and 2016 (e.g. Wolter & Timlin, 2011). The
ENSO index is added to the figure with arbitrary scaling
to illustrate this.

3. Sea level acceleration

Global monthly mean sea level from the TPJ and ESA
data sets are shown in Fig. 2. Positive anomalies anticorre-



Table 2
Acceleration comparison with WCRP (2018) and Nerem et al. (2018), with
similar global coverage and time-series. The uncertainties are twice the
standard deviation of the data fit. The acceleration is twice the quadratic
coefficient.

1993.0–2017.0
[mm/yr2]

1993.0–2018.21
[mm/yr2]

WCRP (2018) – 0.10
Nerem et al. (2018) 0.097 ± 0.011 –
TPJ 0.082 ± 0.010 0.079 ± 0.009
ESA 0.093 ± 0.014 0.086 ± 0.012

Fig. 1. Sea level residual after removal of the trend, acceleration and the 12-month annual sinusoids. The coloured line in the bottom shows which mission
recorded the data. The ENSO index is arbitrarily scaled. Top: ESA. Bottom: TPJ.

Fig. 2. Sea level anomaly measured by ESA (blue) and TPJ (red). The 12-
month sinusoids are removed to highlight the inter-annual variations. The
models are the estimates of trends and accelerations. The color-coding at
the bottom is the same as per Fig. 1. ESA data up to ± 82� are included in
the computation.
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lated with ENSO are visible in both time-series at 1997–
1998, 2015–2016 and negative episodes in 1999–2000 and
2010–2011. The two transitions between missions appear
as spikes in the ESA data in 1995 and late 2010, whereas
the anomaly in 2001 in the ESA dataset is unexplained.
The transition from Envisat to CryoSat-2 causes the nega-
tive El Niño event in 2010–2011 to be difficult to determine
in the ESA time-series.

We initially visualised the models for the trend and
acceleration using each data set for the full time-series.
They are included in Fig. 2 using black and grey colours
to visualize this small acceleration in the data. Direct com-
parisons with GMSL accelerations by WCRP et al. (2018)
and Nerem et al. (2018) are shown in Table 2 using identi-
cal shortened time-series. The ESA data set is limited
to ± 66� latitude in this table to make the results compara-
ble. There is no uncertainty to the acceleration given by
WCRP et al. (2018). The uncertainty of Nerem et al.
(2018) is based on independent comparison with tide
gauges.

The estimate found by Nerem et al. (2018) agrees within
the uncertainty with the accelerations found here. How-
ever, our acceleration estimate is smaller by roughly
0.015 mm/yr2. This is partly explained by the TOPEX side
A/B levelling correction in the absence of the Cal-1 mode
correction. RADS uses a levelling correction of 5.0 mm
(Beckley, et al., 2017) whereas Nerem et al. (2018) uses a
levelling correction of 5.7 mm. Increasing our levelling cor-
rection by 0.7 mm increases our TPJ acceleration by
0.007 mm/yr2 implying a closer agreement.

Our acceleration based on the ESA data (which are not
sensitive to the Cal-1 mode issue) is 0.093 mm/yr2 which is
roughly 0.01 mm/yr2 higher than the associated TPJ esti-
mates. This supports the additional 0.7 mm increased cor-
rection to the TOPEX Side-A suggested by Nerem et al.
(2018). WCRP et al. (2018) find an acceleration of
0.1 mm/yr2. Assuming that their associated uncertainty is
similar to the 0.01 mm/yr2 values quoted by us and
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Nerem et al. (2018) we find that all acceleration estimates
agree.

Our results also agree with the result by Watson et al.
(2015) for the 1993–2014.5 period. Watson et al. (2015)
found an acceleration ranging between 0.037 and
0.041 mm/yr2 depending on the vertical land motion cor-
rection applied when estimating mission-wise systematic
drift. Using the identical period, we find an acceleration
of 0.036 mm/yr2 indicating the importance of recent data
extending the time-series. Smaller differences in accelera-
tions can be due to different processing, averaging and
range corrections as well as different RFOs applied.

We then proceed to determine the acceleration for the
full period up to 2019.0, which is shown in Table 3. This
basically extends the TPJ time-series used by Nerem et al.
(2018) by 2 years and the time-series used by WCRP
et al. (2018) by 0.7 years. The ESA time-series extends back
in time to 1991.7 resulting in a time-series of 27.4 years in
total. This is an extension of the WCRP et al. (2018) and
Nerem et al. (2018) time-series by 2 and 3.4 years,
respectively.

The full ESA time-series results in an acceleration of
0.084 mm/yr2 which increases to 0.095 mm/yr2 when the
region up to ± 82� latitude is included. This indicates that
the high latitudes exhibit higher than average acceleration.
Table 3
Accelerations obtained from the full time-series from 1991 to 2019. The
uncertainties are twice the standard deviation of the data fit. The
acceleration is twice the quadratic coefficient. Left column lists the
acceleration before the data are corrected for the Pinatubo eruption (see
explanation below).

1991.7–2019.0 without
Pinatubo correction
[mm/yr2]

1991.7–2019.0 with
Pinatubo correction
[mm/yr2]

TPJ (from 1993.0) 0.080 ± 0.008 0.105 ± 0.008
ESA ± 66� 0.084 ± 0.010 0.095 ± 0.010
ESA ± 82� 0.095 ± 0.009 0.105 ± 0.010

Fig. 3. Comparison between WCRP (2018), Nerem et al. (2018) and the extend
(2r) are given as vertical lines.
The ESA and TPJ acceleration are surprisingly similar dif-
fering by as little as 0.004 mm/yr2.

Converting observed altimetric sea level acceleration
into climate-change driven sea level acceleration requires
corrections for the effects of the Pinatubo eruption and
ENSO. Nerem et al. (2018) found that the correction for
Pinatubo increased sea level acceleration by 0.02 mm/yr2

and that their ENSO correction decreased the sea level
acceleration by 0.033 mm/yr2. The resulting change in sea
level acceleration is �0.013 mm/yr2. Nerem et al (2018)
used a TPJ time-series ending in 2016 being towards the
end of the 2015–2016 El-Niño event. Extending the time
series significantly decreases the influence of ENSO to
around 0.01 mm/yr2 being on the same order as the uncer-
tainty of the estimation.

According to Church et al. (2005) the Pinatubo eruption
caused an initial GMSL decrease of 5 mm. According to
Fasullo et al. (2016), the drop in GMSL was 5.6 mm from
the eruption until 1993. The effect on GMSL gradually
diminishes over the following two decades. The ESA
time-series supports the Pinatubo induced drop in GMSL.
During the first 1.5 years it shows a decrease of roughly
5.8 mm. However, the uncertainty is of the same magnitude
due to ERS-1 orbital changes (see Table 1).

In order to study the effect of Pinatubo on the ESA and
TPJ time-series we applied the correction by Fasullo et al.
(2016) in the second column of Table 3. This generally
raises both the acceleration but also to a small extent the
uncertainty. The increase in the TPJ acceleration is more
than twice that of the ESA acceleration as the ESA time-
series captures the initial decrease in GMSL which in turn
contributes to increasing the acceleration.

The comparison between the various accelerations with
and without the Pinatubo GMSL correction are visualised
in Fig. 3. The figure also illustrates the uncertainties given
with the accelerations. All estimates agree within the uncer-
tainties. This holds when comparing accelerations without
the Pinatubo correction applied and when comparing the
accelerations with the Pinatubo correction applied.
ed time-series of ESA and TPJ data used here. The estimated uncertainties
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The global distribution of sea level acceleration is shown
in Fig. 4 for the ESA time-series (upper panel) and for the
TPJ time-series (lower panel). All large scale signals are in
agreement across the two data sets and both exhibit a clear
ENSO pattern in the Pacific Ocean with positive accelera-
tions west of central America and negative accelerations
toward Australia.

When compared to the sea level trend by Cazenave et al.
(2018, Fig. 2) we find that the ENSO related patterns seen
from TPJ and ESA in the Pacific Ocean regions agree clo-
sely. The ENSO contribution to GMSL might be small but
the pattern is clearly visible. Positive acceleration coincides
with regions of lowest sea level trend and vice versa. The
altimetric time-series is still relatively short for climate
research.

South of Greenland, we find an area with clear negative
acceleration. Comparing with Cazenave et al. (2018,
Fig. 2), this is an area which has a trend close to zero
and subsequently lower than average sea level trend.
According to Caesar et al. (2018) this is similar to findings
from sea surface temperature studies. Caesar et al. (2018)
interpret this as a weakening of the Atlantic meridional
overturning circulation.

Comparing the upper and lower panel in Fig. 4 it can be
seen that the accelerations at almost every arctic grid cell
north of 66� latitude are positive which is also what is seen
in the slightly increased acceleration in GMSL when
including the regions up to 82� latitude.

The dominant contribution to the GMSL acceleration is
ice sheet mass loss (Nerem et al., 2018, WCRP et al., 2018),
Fig. 4. Sea level acceleration calculated for each grid point for the full t
so that the regional patterns seen compensate when geo-
graphical averaging is performed.
4. Discussion and conclusion

Acceleration in GMSL is estimated from an altimetry
record extended in both time and space compared with pre-
vious studies. Furthermore, we consolidate recent sea level
acceleration estimates by introducing two individual alti-
metric data sets (TPJ and ESA time-series). We find that
the estimated sea level accelerations agree within the mar-
gin of error. The accelerations are found to be 0.080 mm/
yr2 (TJP data) and 0.084 mm/yr2 (ESA data) within the
66 parallel. This is lower than accelerations found by
Nerem et al. (2018) 0.097 mm/yr2) and (WCRP et al.,
2018, 0.10 mm/yr2), but we find it to be a consequence of
the extended time-series.

A recent paper by Kleinherenbrink et al. (2019) was
published after the submission of this paper and challenge
the observed sea level acceleration by Nerem et al. (2018)
and WCRP et al. (2018). Kleinherenbrink et al, (2019,
Fig. 3) finds an GMSL acceleration of around 0.015 mm/
yr2. Their solution to the cal-1 mode issue is based on
cross-over adjustment analysis between TOPEX and
ERS-1 as well as TOPEX and ERS-2. We find an acceler-
ation term in the ERS-1 and ERS-2 timeseries (includes the
Pinatubo effect). Monthly crossover analysis, as performed
by Kleinherenbrink et al (2019), likely removes the GMSL
acceleration in this part of the time-series. We suspect that
ime-series. Top: ESA (1991.7–2019.0), bottom: TPJ (1993.0–2019.0).
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this result in a significantly lower GMSL acceleration esti-
mate but this need further investigation.

Climate-driven acceleration can be determined by
accounting for the effect of the Pinatubo eruption and
ENSO related inter-annual variability. In the study by
Nerem et al. (2018), ENSO effects significantly lowered
the sea level acceleration by 0.033 mm/yr2 as their data-
record ended toward the end of the 2015–2016 El Niño
event. Extending the time-series significantly decreases this
effect to around 0.01 mm/yr2 being on the same order as
the uncertainty of the estimation.

The Pinatubo eruption in 1991 lowered GMSL by 6 mm
and correcting for this increased the acceleration to by
0.025 and 0.01 mm/yr2 respectively to 0.105 mm/yr2 for
both the TPJ and the ESA data. The adjustment is impor-
tant to the acceleration estimation as the eruption hap-
pened just before the launch of ERS-1 and the ESA time-
series. However, it was found that it affects the extended
ESA time-series significantly less that the TPJ time-series.

The ENSO effect and Pinatubo effect counteract GMSL
acceleration in our study by around 0.01 mm/yr2 each.
Consequently, the altimetric GMSL acceleration presented
here is dominated by climate–change driven GMSL accel-
eration. We attribute the resulting acceleration to climate
warming yet note the record is still short and longer period
decadal signals and poorly sampled by altimetry.

The distribution of sea level acceleration across the glo-
bal ocean is highly similar between the ESA and TPJ data-
set. In the Pacific Ocean sea level acceleration seems heavily
influenced by ENSO. Around Greenland both the ESA and
TPJ time-series shows a clear negative acceleration sup-
porting the weakening of the Atlantic meridional overturn-
ing circulation (Caesar et al. 2018).

The spatial extension of the ESA time-series to include
data up to ± 82� latitude resulted in an increased accelera-
tion of GMSL to 0.095 mm/yr2. This indicates that the
high latitudes exhibit higher than average acceleration.
However, this acceleration should be considered with cau-
tion due to our editing of particularly the ERS-1 data
which were overly sensitive to sea ice. ERS-1 data were
problematic in several ways (truncated waveforms, fre-
quent ground track shift, smaller pulse repetition fre-
quency). We subsequently performed an analysis of sea
level acceleration from 1995 to 2019 (24 years) omitting
Table A1
Orbit and range corrections used as well as reference frame offset estimated in

Satellite
Mission

Orbit Wet troposphere Ion

TOPEX/Poseidon CNES Radiometer Dua

Jason-1 CNES Radiometer Dua
Jason-2 CNES Radiometer Dua
Jason-3 CNES Radiometer Dua
ERS-1 REAPER/DGM-E04 Radiometer JPL
ERS-2 REAPER/DGM-E04 Radiometer JPL
Envisat CNES Radiometer Dua
CryoSat-2 CNES Model (ECMWF) JPL
the ERS-1 data. This increased the acceleration slightly
to 0.113 mm/yr2.

It should be noticed that the TOPEX side A/B instru-
ment shift is still an issue of investigation. Further investi-
gation into all range related effects (e.g., sea state bias) and
the effect on inter-mission calibrations will be important
due to its impact on GMSL acceleration (Watson et al.,
2015, Kleinherenbrink et al., 2019).
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Appendix A

As altimeters develop, the range corrections unavoidably
differ among missions. Altimeters onboard T/P, Jasons and
Envisat are dual frequency altimeters allowing direct deter-
mination of the ionosphere correction whereas other satel-
lites are forced to employ models. Cryosat-2 is the only
satellite not equipped with a radiometer used to determine
the wet troposphere correction. Geophysical and range
corrections determined by models (dry troposphere, tides,
inverse barometer and mean sea surface) are identical for
all missions in RADS.

The determination of the orbit differs among the mis-
sions, but all are processed to the most recent Geophysical
Data Record (GDR-E) standard (International DORIS
Service, 2015). It is evident, that the TPJ time-series is
derived using more consistent range and geophysical cor-
rections that the ESA time series.
RADS where they differ among the various missions.

osphere Sea state bias. Reference frame offset

l Frequency CLS non parametric 0.5 cm
0 cm

l Frequency CLS non parametric 8.5 cm
l Frequency CLS non parametric �1.5 cm
l Frequency CLS non parametric �4.4 cm
GIM/ NIC09 CLS Parametric (Gaspar) 2.1 cm
GIM/ NIC09 CLS Parametric (Gaspar) 6.2 cm
l Frequency CLS non parametric 45.1 cm
GIM Model NOAA hybrid 1 cm
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Reference frame offsets are estimated in RADS through
extensive collinear and cross-over analysis on the corrected
sea level anomaly data. Hence, small differences in the
range and geophysical corrections might be absorbed into
the RFO corrections making this a critical correction for
determination of GMSL acceleration.

Table A1 lists the orbit and range corrections used in the
production of RADS sea level anomalies where they differ
among the various missions. The table also indicate the
estimated and applied RFO’s in RADS. Further details

can be found in the RADS manual (https://github.com/

remkos/rads/blob/master/doc/manuals/rads4_data_man-

ual.pdf).
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